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This paper presents an extensive experimental program aiming to the mechanical charac-
terisation of an aggregate stabilised with cement. This geomaterial is the product of a
quarry of limestone located in north region of Portugal. The aggregate is often used in cur-
rent subgrading of infrastructures for transportation, namely in railway lines. Complemen-
tary, aggregate–cement admixtures are used for transition zones, such as in between
deformable embankments on soft grounds lining on rigid structures, such as bridges
founded on deep foundations, such as piles or similar. The demand for smooth transition
between diverse stiffness zones implies an optimization of the composition of the enriched
materials that will be used for such purpose, such as aggregate–cement admixtures. The
optimization requires a thorough mechanical characterisation including dynamic tests,
with recourse to geophysical techniques, cyclic and monotonic triaxial tests and, ideally,
indexed to simple uniaxial compression and indirect tensile tests. The results that will
be presented herein have allowed a good mechanical characterisation of the referred
aggregate, in terms of the estimation of combinations of the cement content and the
admixture compaction level, resulting in new correlations for design purposes.
 2014 Elsevier Ltd. All rights reserved.Introduction
Cementation is one basic intrinsic bias of most naturally
occurring soil deposits and one that clearly separates their
behaviour from that of artiﬁcially reconstituted soils
(Leroueil and Vaughan, 1990). Both in natural state, or by
the consequence of joining binders to remoulded soils that
will be compacted by conventional procedures, the in-
crease in structural bonding in soils turn them ideal for
most purposes in geotechnical engineering problems
(Mitchell, 1976). These artiﬁcial compacted cemented soils
include soil–cement or lime–cement admixtures whichhave been used as very convenient materials for transpor-
tation infrastructures, such as subgrading in roads or rail-
ways (Viana da Fonseca et al., 2013). The dual beneﬁt of
cementation and non-saturation in some of these materials
applications is especially relevant to the increase in stiff-
ness and stability that has been obtained, for instance, in
large and deep excavations in urban areas with a minimum
impact in the surrounding infrastructures (Topa Gomes,
2009; Amaral et al., 2010).
Reliable experimental data about the behaviour of ce-
mented soils is not vast in the literature for several rea-
sons. The cementation of natural soils, such as residual
soils (Vaughan and Kwan, 1984; Viana da Fonseca, 2003;
Vinda da Fonseca and Coutinho, 2008) is both highly vari-
able and frequently quite fragile, especially in open voids
structured soils, like saprolitic soils, in one side, or aged
granular natural soils, on the other side; hence it is difﬁcult
to obtain high quality undisturbed samples of naturally
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mechanical tests to assess the degree of effective bonding
in a given sample have been conducted due to the difﬁculty
of looking at the properties with non-destructive tests (e.g.
Gasparre and Coop, 2008), thus increasing the number of
specimens necessary to characterise them. Because of
these problems, artiﬁcially cemented soils became an
alternative for experimental studies of bonding effects in
soils (e.g. Âhnberg, 2007; Rios et al., 2009), since controlled
production allows for good repeatability and thus various
compositional factors (binder type, binder content, com-
paction level or porosity) can be easily studied.
This paper aims to provide a study of a cemented lime-
stone aggregate, usually adapted to transition zones pro-
viding a smooth or gradual evolution of strength and,
mostly, of stiffness between two consecutive foundation
systems of a platform, when referring to transportation
infrastructures. In the transition zones, the trafﬁc load
tends to develop relative displacements in the less stiff
subgrading foundations, increasing the deterioration of
the track in those areas and increasing the risk of collapse
and maintenance costs. The evolution of the permanent
settlement is a function of soil’s characteristics, condi-
tioned by trafﬁc loads intensity, in values, frequencies
and lasting periods.
The stress state of subgrades under the pavements or
railway tracks induced by these loadings have been stud-
ied by several authors [e.g., Heisey et al. (1982), Selig and
Li (1994), Tatsuoka et al. (2002), Fortunato (2005), Lohani
and Tatsuoka (2006), Werkmeister (2003), Viana da
Fonseca et al. (2009a, 2013)] who have formulated distinct
approaches. In the beginning of the 80’s, the computing
capacity promoted the generalization of numeric simula-
tion to recreate the behaviour of these structures. Finite
elements method allows establishing elastoplastic and vis-
coelastic laws considering the elastic modulus degradation
and frictional-cohesive strength (Fortunato, 2008).
These studies and the trafﬁc speed/weight growing ten-
dencies, revealed the importance of the application of sta-
bilised geomaterials for railway pavements, especially, in
the referred transition zones. Aware of this applicability
and the need of having them characterised, this paper pre-
sents a framework which allows for the evaluation of some
of the key geomechanical design parameters of a speciﬁcFig. 1. Grain size distribution curve oflimestone aggregate–cement, using fundament correla-
tions which take into account distinct testing approaches.
In what follows the materials, equipment and testing
procedures employed in the experimental campaign are
described. The results of that campaign are described and
discussed, involving the dynamic stiffness properties char-
acterisation by measuring small energy seismic wave’s
velocities with ultrasonic transducers (Khan et al., 2011),
the tensile strength for diametrical compression test
(Ghosh and Subbarao, 2006), and small to medium strain
stiffness, together with strength properties, from triaxial
tests with high precision local instrumentation (Tatsuoka
and Kim, 1984; Symes and Burland, 1984; Viana da
Fonseca, 1996; Cuccovillo and Coop, 1997).
Material description
The material used in this study is a calcareous aggregate
extracted from a quarry in the northern central region of
Portugal. This quarry is explored to obtain selected un-
bound granular materials (UGMs), being commonly used
for bases and sub-bases of transportation infrastructures
(Fortunato et al., 2012).
The grain size distribution curve of this sample is pre-
sented in Fig. 1, which is classiﬁed as a Clayey Gravel
(CG) by the uniﬁed classiﬁcation system (USCS – ASTM,
1998), being its particles density 2.73. The D50 effective
diameter has the value of 4.1 mm and the uniformity and
curvature coefﬁcients are 875 and 8.25, respectively, char-
acterising this material as poorly graded. Atterberg limits
were determined on the fraction passed on ASTM sieve
No. 40 (corresponding to 26% of the total mass) and values
of 22% for the liquid limit and 31% for plasticity limit were
obtained. This aggregate has a Sand Equivalent Value of
15% and a Los Angeles Abrasion Index of 30%, being the
water absorption coefﬁcient of 3.9%. The maximum soil
dry unit weight obtained by the Modiﬁed Proctor test
(ASTM, 2004) is 21.4 kN/m3 and the optimum water con-
tent is 6.6%. The CBR value in specimens compacted with
12, 25 and 55 blows of the heavy energy for Proctor com-
paction standard (ASTM, 2004) resulted in the average va-
lue of 63%.
Portland cement of high initial strength (CEM I 52.5 R,
Table 1), was used as bonding agent on these mixturesthe aggregate without cement.
Table 1
Mechanical characteristics of cement CEM I 52.5 R.
Compression strength (MPa)
Initial strength Final strength NP EN 196-1 standard
(IPQ, 2006)2 days 28 days
P30 P52.5
Table 3
Moulding conditions of the specimens submitted to triaxial tests.
Specimen C (%) w (%) q (kg/m3) e n (%) Vc/Vt (%)
2%_12_30 2 6.8 1985 0.48 32.26 1.18
2%_12_50 2 6.8 2019 0.45 31.02 1.20
2%_12_100 2 6.8 2005 0.46 31.31 1.20
3%_12_30 3 6.8 2000 0.46 31.61 1.77
3%_12_50 3 6.8 2008 0.46 31.33 1.78
3%_12_100 3 6.8 2008 0.46 31.41 1.78
4%_12_30 4 6.8 2013 0.45 31.10 2.36
4%_12_50 4 6.8 1991 0.48 32.39 2.32
4%_12_100 4 6.8 1966 0.49 33.08 2.29
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bilised curing time of 14 days. The unit mass of cement is
qc = 3100 kg/m3.5%_12_30 5 7.2 1979 0.49 32.84 2.85
5%_12_50 5 7.2 2001 0.47 32.20 2.88
5%_12_100 5 7.2 1977 0.50 33.13 2.84
2%_55_30 2 6.8 2243 0.31 23.39 1.34
2%_55_50 2 6.8 2263 0.29 22.76 1.35
2%_55_100 2 6.8 2294 0.28 21.69 1.37
3%_55_30 3 6.8 2265 0.29 22.51 2.01
3%_55_50 3 6.8 2244 0.31 23.43 1.99
3%_55_100 3 6.8 2276 0.28 21.84 2.03
4%_55_30 4 6.8 2246 0.31 23.78 2.61
4%_55_50 4 6.8 2218 0.32 23.98 2.61
4%_55_100 4 6.8 2157 0.36 26.56 2.52
5%_55_30 5 7.2 2204 0.34 25.36 3.17
5%_55_50 5 7.2 2209 0.33 25.01 3.19
5%_55_100 5 7.2 2188 0.35 25.88 3.15Experimental program
This study included 15 low energy dynamic tests with
ultrasonic transducers, for measuring shear/distortional
(S) and compression (P) wave’s velocities, 24 triaxial tests,
under static/monotonic loading conditions, and 15 indirect
tensile tests (commonly designated as Brazilian diametral
compression tests). Dynamic and indirect tensile tests
were executed in the same specimens. For each value of ce-
ment content, C (1%, 2%, 3%, 4% and 5% of the soil dry
weight) three specimens were moulded and dynamically
compacted, under Proctor’s method, for three different
compaction degrees (12, 25 and 55 blows per each of the
ﬁve adopted layers). They were designated as DC (referring
to Diametrical Compression), followed by the cement con-
tent and the number of blows used for the compaction of
the specimens. Moulding conditions are resumed in
Table 2, where cement content, water content (w), unit
mass (q), initial void ratio (e), initial porosity (n) and volu-
metric cement content (Civ = Vc/Vt) are reported. The ratio
of porosity to the volumetric cement content (n/Civ) pro-
posed by Consoli et al. (2007), has been used for indexation
purposes in distinct materials, as explained in Viana da
Fonseca et al. (2009a). Vc and Vt indicate the cement vol-
ume and the total volume of the specimen, respectively.
Monotonic triaxial tests were performed on specimens
with cement contents between 2% and 5% and compacted
with 12 or 55 blows. Three equal specimens were moulded
to be tested in three different conﬁning pressures (30, 50
and 100 kPa). The specimen’s designation includes the ce-
ment content, followed by the number of blows per layerTable 2
Moulding conditions of the specimens submitted to dynamic tests and
indirect tensile tests.
Specimen C (%) w (%) q (kg/m3) e n (%) Vc/Vt (%)
DC_1%_12 1 6.3 2075 0.40 28.57 0.63
DC_1%_25 1 6.0 2199 0.32 24.13 0.67
DC_1%_55 1 5.9 2311 0.25 20.19 0.70
DC_2%_12 2 6.5 2073 0.41 28.88 1.26
DC_2%_25 2 5.3 2169 0.33 24.76 1.33
DC_2%_55 2 5.1 2317 0.24 19.48 1.42
DC_3%_12 3 6.4 2073 0.41 28.93 1.89
DC_3%_25 3 5.5 2226 0.30 23.02 2.04
DC_3%_55 3 5.3 2346 0.23 18.70 2.16
DC_4%_12 4 5.4 2083 0.39 28.01 2.55
DC_4%_25 4 5.8 2197 0.32 24.36 2.68
DC_4%_55 4 5.8 2305 0.26 20.63 2.81
DC_5%_12 5 6.3 2104 0.39 28.01 3.19
DC_5%_25 5 5.5 2194 0.32 24.36 3.35
DC_5%_55 5 5.9 2331 0.25 19.94 3.55(considering 9 layers) and the conﬁning pressure (see
Table 3). Although the individual physical properties (spe-
ciﬁcally the moulding water and the porosity) of the spec-
imens are not the same as those of the specimens moulded
for the dynamic and indirect tensile tests, the range of the
volumetric cement content is compatible and therefore,
both sets of tests can be used for correlation purposes
(Viana da Fonseca et al., 2009a, and Rios et al., 2012).
Equipment
Dynamic tests
For the dynamic characterisation of the aggregate–ce-
ment specimens two different types of ultrasonic transduc-
ers were used, according to the type of the vibration wave
propagating through the specimen to be measured.
The used transducers are made of stainless steel hous-
ing. Both present a cylindrical shape. They consist on three
piezo-crystal conductors of titanium zirconate, with
63.5 mm of thickness and 8.0 mm diameter (refer to Ama-
ral et al., 2011, for further details).
The function generator sends a signal directly to the
ampliﬁer (manufactured at the University of Waterloo)
that increases the signal power up to 800 Volts and pro-
vides an adjustable damping. The transmitted and received
signals are also linked to the oscilloscope, which allows the
acquisition of 2500 points per time window. The system
installation, connections and the operating principles are
illustrated in Amaral et al. (2013).
Monotonic triaxial tests
The system, developed by the Institute of Mechanical
Engineering and Industrial Management of the University
of Porto (INEGI), is formed by a load frame with three
Fig. 2. Equipment for cyclic and monotonic triaxial tests with detail of the local instrumentation for axial and radial strain measurement.
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for cyclic loading for axial, radial and back-pressure axes,
up to 5 Hz in frequency, 50 kN in force and 1 MPa in pres-
sures, with a dedicated dynamic set, as well as an indepen-
dent monotonic hydraulic ram allowing for static tests
under displacement and force control (Fig. 2). A large triax-
ial chamber prepared with inserted local strain measuring
devices was specially assembled to allow for high precision
stress–strain monitoring (Viana da Fonseca, 1996).
This load was used in the triaxial tests hereby described
in quasi-static and monotonic axial loading conditions. The
cell can have height adjustment to accommodate different
specimens’ sizes up to 150 and 300 mm specimens, diam-
eter and height, respectively.
The system is equipped with an external compression
load cell and it is capable of applying a load up to 100 kN
with conﬁned pressures up to 1.7 MPa. It is equipped with
pressure transducers for cell and back pressure measure-
ment, an external linear variable differential transformer
(LVDT) with a range of 50 mm, 4 submersible LVDTs for lo-
cal measurement of the axial and radial displacements
during test, with ranges of 10 mm, and a volume gauge
with a range of 100 cm3.
Pressure adjustment is performed by the motorized air
compressor system of FEUP’s geotechnical laboratory.
Alternatively, pressure regulation was also performed by
two digital pressure/volume controllers by GDS able to
apply pressures up to 2000 kPa and ﬂuid volumes up to
200 cm3. Their automatic pressure control feature is partic-
ularly useful during speciﬁc stages in triaxial testing, as de-
scribed below.Indirect tensile tests
These tests were performed in a two columns adjust-
able load frame. It has a capacity of 100 kN and it is
equipped with a load cell of the same capacity and
0.006 kN of resolution.During the tests, radial displacements were measured
by four transducers (linear variable differential transform-
ers – LVDTs) complemented by four high precision local
deformation transducers (LDTs), manufactured by Univer-
sity of Tokyo (Goto et al., 1991). Although the LVDTs were
ﬁxed to external aluminium bars, the LDTs were directly
attached to the specimens’ surface (Fig. 3).Testing procedure
Specimen’s preparation
The samples were prepared according to the type of test
they were made for. The specimens for triaxial tests were
moulded in cylinders of 150 mm of diameter and
280 mm of height. The mixture was done in a humid reci-
pient, where cement was ﬁrst mixed with the aggregate,
joining the water subsequently.
The compaction procedure followed the Proctor com-
paction protocol described in ASTM (2004). However, since
the moulded specimens were bigger than the conventional
Proctor moulds, the number of blows was calculated so
that the Proctor density was kept constant. Following
ASTM (2004), the compaction energy (Ep) is a function of
the number of compaction layers, the number of blows
per layer, the weight of surcharge, and the falling height
of the mass. Using the Proctor compaction energy and
the Proctor number of blows (55), a number of 9 layers
was determined for the specimen volume.
Keeping this number of layers, the specimens were
moulded changing the void ratio (e) and the cement con-
tent (C). The desired porosity obtained by changing the
number of blows in the compaction of each layer (N), var-
ied between 12, 25 and 55. Each layer was slightly scariﬁed
before the compaction of the following to provide a good
interlocking. The moulds were placed in the humid cham-
ber during 24 hours with a relative humidity of 96% and a
temperature of 20 ± 2C. After this period the specimens
were removed from the mould, their weight and
Fig. 3. (a) Equipment installation for indirect tensile tests; (b) scheme suggested by the European Standard EN 13286-43 (CEN, 2003b).
A. Viana da Fonseca et al. / Transportation Geotechnics 1 (2014) 31–44 35dimensions were carefully measured, being again placed
back in the humid chamber for 13 more days.
The specimens were considered adequate for testing if
they matched the following conditions:
 Dry unit weight (cd) ±1% of the reference value.
 Water content (w) ±1% of the reference value.
 Diameter between 150 ± 1 mm.
 Height between 280 ± 1 mm.
The specimens for dynamic tests and indirect tensile
tests were moulded in similar conditions as described
above, using cylinders of 150 mm of diameter and
145 mm of height and compacting in 5 layers.Dynamic tests
The purpose of the dynamic tests was to study the var-
iation of the elastic Young and shear modulus (E0 and G0,
respectively) with the cement content and the compaction
degree.Transducers polarized in a parallel direction of the
transducers contact surfaces were used to measure the
velocity of the shear waves (VS). On the other hand, trans-
ducers polarized in a perpendicular direction to the contact
surfaces were used to measure the longitudinal wave
velocity (VP). This velocity permits to calculate the con-
strained modulus (M0) as follows:
M0 ¼ qV2P ð1Þ
On the other hand, G0 is given by
G0 ¼ qV2S ð2Þ
Both VS and VP are given by the specimen’s height di-
vided by the propagation time of the S-wave and P-wave,
respectively. The propagation time was assumed as the
time difference between the input signal (impulse) and
the ﬁrst break in the response signal captured by the
oscilloscope, in a classical time domain approach using
multi-frequency signals to ensure that the wave velocity
is independent from the input frequency (Viana da Fonseca
et al., 2009b).
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tion of the Poisson ratio m0 as follows:
m0 ¼
VP
VS
 2
 2
2 VPVS
 2
 2
ð3Þ
Then, the Young’s modulus (E0) can be obtained, using
the following equation:
E0 ¼ 2ð1þ m0ÞG0 ð4ÞMonotonic triaxial tests
Monotonic triaxial tests were performed in order to
evaluate strength parameters, such as angle of shearing
resistance (/0) and cohesion (c0), loading the specimens to
failure under different isotropic consolidation pressures
(r0c).
After 28 days of curing in a humid chamber, the speci-
mens were instrumented with three axial and one radial
LVDT. To allow a better embedment of the anchors which
supported the LVDTs, the specimens were drilled before
the membrane application. After anchors intrusion, the ﬁx-
ation area was sealed with silicone, to ensure a proper iso-
lation between cell and back pressures, following a
procedure adopted by Fortunato (2008).
The acquisition system was connected just after the
conclusion of specimens’ installation. A valve connected
to the cell was opened beginning the ﬂow of the conﬁning
liquid into the cell. At the end of this transference the tri-
axial cell was conveniently sealed. A GDS hydraulic pump
was used to apply the cell pressure (CP), while an air com-
pressor, with lower pressure capacity (up to 700 kPa),
linked to a bladder for isolated interface between air and
de-aired water, applied the back pressure at the bottom
end (BP) of the specimens. Small pressure increments
(around 10 kPa) were simultaneously applied. Specimen’s
top valve remained opened to atmospheric pressure. This
pressure gradient allowed water percolation of 200 ml
removing a signiﬁcant volume of air from the specimen’s
voids.
The saturation was automatically programmed to
increase CP and BP at a rate of 30 kPa/h starting
simultaneously, keeping a very low effective conﬁningFig. 4. Example of a q – ea graph obtained from a monotonicpressure (10 kPa). The increase in pressure ﬁnished when
CP and BP reached values of 510 kPa and 500 kPa, respec-
tively. This procedure allowed the pore air to dissolve; a
manual check of the B pore pressure parameter gave values
not less than 0.93, conﬁrming the saturation of the
specimen.
After percolation and saturation, the specimens were
submitted to isotropic consolidation (r0c ¼ r01 ¼ r03) up to
the required pressure (see Table 5) with a constant rate
of 20 kPa/h. When the volumetric deformation (ev) stabi-
lised, a monotonic deviatoric stress (q – deﬁned by Eq.
(5)) was applied by means of a displacement controller at
a constant rate of 0.01 mm/min in drained conditions.
q ¼ r1  r3 ð5Þ
The volumetric deformation (ev) was calculated by the
axial and radial local deformation transducers being given
by:
m ¼ 2r þ a ð6Þ
For each test the ultimate shear strength (qu), deﬁned as
the maximum deviatoric stress, was computed as well as
the evolution of the stiffness modulus (E) with loading le-
vel (example in Fig. 4). The Mohr–Coulomb strength
parameters (c0 and /0) were then derived for each admix-
ture using the Mohr–Coulomb criterion. During the mono-
tonic shearing the deformability modulus at 50% of qu (E50)
was also measured.
Another key parameter studied during the analysis of
results is the angle of dilatancy,w. This is deﬁned as the ra-
tio between the increase of volumetric deformation and
the increase of distortional deformation:
tanw ¼  dm
dS
ð7Þ
Where ev is deﬁned in Eq. (6) and es is deﬁned as:
S ¼ a  m3 ð8Þ
The validity of Eqs. (6) and (8) (that are deﬁned for
inﬁnitesimal strain) is guaranteed by the small strain levels
attained during the triaxial tests (<1%), as it can be seen in
the results presented in the following sections.
The value of the angle of shearing resistance is consti-
tuted by the contributions of the angle of dilatancy andtriaxial test. Values of qu, E10 and E50 are highlighted.
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angle (/0cm), which is a constant of the material. After Bolton
(1986) the relation between these parameters in axisym-
metric loading conditions is the following:
/0pðc0¼0Þ ¼ /0cm þ 0:8w ð9Þ
where /0pðc0¼0Þ is the peak angle of shearing resistance cal-
culated considering cohesion intercept equal to zero.
Indirect tensile tests
The indirect tensile tests were performed to obtain the
value of indirect tensile strength (qt) and the indirect ten-
sile elastic modulus (Eit). In this test a vertical load is ap-
plied to the lateral surface of the sample in the diametral
direction. According to the European standard CEN
(2003a, 2003b), the deformations are monitored continu-
ously with recourse to two sets of extensometers under
speciﬁc directions; each of them placed between two rigid
bars, which are ﬁxed to the specimen. Two pairs of LDTs
are ﬁxed on the bases of the specimen and perpendicularly
to the loading direction; two other couples of identical
transducers are positioned at 60 degrees to the horizontal
in order to control the deformations in this direction (see
Fig. 3).
According to CEN (2003a), qt is computed by:
qt ¼
2
p
Q
/H
ð10Þ
where Q is the maximum observed force during diametri-
cal compression and U and H are the specimens diameter
and height. This standard also provides an equation to
compute Eit:
Eit ¼ ð0:273þ mþ 0:726m2Þ0:30QH
1
D/0
ð11Þ
where D/0 and D/60 are diametrical displacements at 0
and 60 when the applied load equals 0.3 times the maxi-
mum force, m is the Poisson ratio given by:
m ¼
1þ 0:40 D/60D/0
1:73 1:07 D/60D/0
ð12ÞTable 4
Results of the dynamic tests.
Specimen VP (m/s) VS (m/s) M0 (M
DC_1%_12 1543 970 4940
DC_1%_25 1624 1016 5798
DC_1%_55 1633 1027 6163
DC_2%_12 1753 1099 6371
DC_2%_25 2164 1367 10158
DC_2%_55 2188 1379 11087
DC_3%_12 2140 – 9493
DC_3%_25 2431 1534 13151
DC_3%_55 2770 – 18002
DC_4%_12 2429 1533 12294
DC_4%_25 2715 1717 16189
DC_4%_55 3098 1945 22118
DC_5%_12 2720 1726 15572
DC_5%_25 3218 – 22712
DC_5%_55 3249 2071 24617Data was processed considering the average values of
the four transducers lying on each of the two directions
(horizontal and at 60 to horizontal). Initial values of defor-
mation were corrected to discard the bedding errors of the
transducers. In order to minimize the errors associated to
the precision, the readings where interpolated by a linear
regression.Results
Dynamic tests
The dynamic tests were performed in all specimens pre-
sented in Table 2. Since the used cement is a rapid curing
agent, no signiﬁcant differences were observed in the re-
sults obtained in the specimens tested at 28 days of curing
and after this period (Amaral et al., 2011). VP and VS values
are presented in Table 4 as well as the elastic moduli com-
puted from these values (M0, E0, G0, and m0).
The specimens for which the results are not included in
Table 4 revealed unacceptable physical values for the dy-
namic Poisson ratios due to poor signal responses. This
phenomenon may be explained by the seismic wave atten-
uation as a consequence of the high heterogeneity of an
aggregate–cement medium.
From the presented results it is clear that the dynamic
properties improved with increasing cement content, but
also with the specimen density. Both moduli (E0 and G0)
are directly related, being their ratio (E0/G0) almost con-
stant and approximately equal to 2.35 for all the tested
specimens. This is due to the very low variations observed
in Poisson’s ratio values, which is a good indication of the
reliability of this methodology.
As referred before, the index deﬁned as the ratio of
porosity to the volumetric cement content (Civ) adjusted
by an exponent (x Æ [0, 1]) is designated porosity/cement
ratio (n=Cxiv ). Some authors [e.g., Consoli et al. (2007), Viana
da Fonseca et al. (2009a), Rios et al. (2009, 2012)] have
pointed out that x only depends on the type of geomaterial,
grain size distribution and mineralogy (Rios et al., 2013)
and not on a particular measured property. Fig. 5 shows
the results of the performed tests with the adjusted ratioPa) G0 (MPa) m0 E0 (MPa)
1952 0.17 4581
2267 0.18 5350
2440 0.17 5718
2505 0.18 5890
4053 0.17 9468
4404 0.17 10315
– – –
5235 0.17 12249
– – –
4895 0.17 11445
6480 0.17 15114
8715 0.17 20486
6271 0.16 14579
– – –
10002 0.16 23151
Fig. 5. Relationship between elastic modulus and porosity/cement ratio (dynamic tests).
Table 5
Main properties derived from the monotonic triaxial tests.
Specimen r0c (kPa) qu (kPa) E10 (MPa) E50 (MPa) E50/E10 (%) /0 () c0 (kPa)
2%_12_30 30 1190 1666 1098 66.9 39.7 255.8
2%_12_50 50 1319 1449 989 68.3
2%_12_100 100 1413 2631 1796 68.3
3%_12_30 30 2100 3125 1837 58.8 41.0 414.2
3%_12_50 50 1935 4001 2671 66.8
3%_12_100 100 2097 7142 4215 59.0
4%_12_30 30 3173 1121 778 69.4 41.6 468.5
4%_12_50 50 1278 1515 1078 71.2
4%_12_100 100 1530 1694 1139 67.2
5%_12_30 30 1699 2631 1639 62.3 41.8 834.7
5%_12_50 50 – 2519 1465 58.2
5%_12_100 100 2425 3663 2183 59.6
2%_55_30 30 2241 3225 2117 65.6 58.0 352.1
2%_55_50 50 3094 3333 2360 70.8
2%_55_100 100 3857 3571 2502 70.1
3%_55_30 30 4751 5263 3323 63.1 58.1 639.9
3%_55_50 50 5320 4545 3302 72.7
3%_55_100 100 – 11124 7858 70.6
4%_55_30 30 4818 – – – – –
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shape, as a consequence of the relative constancy of the dy-
namic Poisson’s ratio.
The index (n=Cxiv) proved to correlate very well with the
dynamic properties of the aggregate–cement. Test results
showed a very good coefﬁcient of determination (R2),
equal to 0.97, for both E0 and G0. Moreover, the empirical
exponent x, which was determined by maximizing the
values of R2 in the power trendlines, remained the same,
giving a value of 0.81, which is in agreement with the
above referred publications. The value of exponent x was
determined for each graph by varying its value in the
interval [0, 1] and with increments of 0.1. For each value
of x, the corresponding graph relating the particular vari-
able with the adjusted ratio was plotted and the power
trendline was calculated with its relative R2 parameter;
so, for each value of x, a value of R2 corresponded. Thus,
the value of x was determined for each speciﬁc variable
as the value that maximized the parameter R2 of the power
trendline.Monotonic triaxial tests
The geotechnical parameters obtained from the mono-
tonic triaxial tests are summarized in Table 5. An example
of stress curves obtained in the specimens 2%_12 and
2%_55 is plotted in Fig. 6.
The Mohr–Coulomb failure criterion was used to com-
pute the angle of shearing resistance (/0) and the cohesion
intercept (c0) for admixtures compacted with the same
number of blows and similar cement contents. The initial
tangent deformability modulus (E10) was assumed as the
secant modulus at 10% of peak deviatoric stress in a q vs.
ea plane. Thus, it is expected that E10 has higher values than
the secant modulus for 50% of failure (50% of qu), here des-
ignated as E50.
The results illustrated in Table 5 indicate that, although
the deviatoric strength increases with the number of
compaction blows, this tendency has a large dispersion in
qu. Several specimens in the same admixtures presented a
smaller value of qu when consolidated to higher pressures.
Fig. 6. Results of triaxial tests for specimens (a) 2%_12 and (b) 2%_55.
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neity between the coarse-grained specimens), but shall also
be associated to induced structural damage (cementitious
bonding tends to break) during consolidation under higher
pressures. These ﬂuctuations lead to difﬁculties in comput-
ing the effective shear strength parameters, in addition to
strain localization associated to fragile failure, of such ce-
mented and dense state conditions, which had to be dealt
with extra judgment.
On the other hand, the increase in stiffness is in perfect
agreement with the increase in compaction energy (the
number of blows per layer and cement content). The evo-
lution of the stiffness modulus with the loading level can
be represented by the ratio E50/E10 indicating the degrada-
tion index of this cement-aggregate under diverse state
conditions. From the values included in Table 5, there
was no clear pattern of marked variation for this index
with the density and cementation, allowing for an estima-
tion of an average value of 66.0%, being the specimen
5%_12_50 the most discrepant one with an absolute devia-
tion of 7.8%. This is to be developed in future works.
Due to the heterogeneity of this material, less usual pro-
cedures were necessary for the analysis of the results. The
values of the angle of shearing resistance directly obtained
from the analysis of the Mohr–Coulomb failure criterion
varied signiﬁcantly. Therefore, a more speciﬁc approach
was used based on the scheme of Fig. 7, considering that
the cohesive intercept increases with cement contentwhile the constant volume friction angle is independent
of the cement content. Thus, the peak strength envelopes
in the p0–q plane were adjusted with a selective cohesive
intercept (c0) and an angle of shearing resistance (/0) incor-
porating the friction component and the dilatancy, in the
terms described in what follows.
Once the strength peak values were deﬁned, the two
granular components were assessed: the component parcel
due to friction angle in ultimate and critical conditions (/0cm)
and the dilatancy. The former angle (/0cm), being in ultimate
conditions, was deﬁned when the cement bonds are com-
pletely destructured and the dilative parcel is nil. The re-
sults of the set of triaxial tests with lower cement content
and compaction level (2%_12) in ultimate conditions were
considered: for the deﬁnition of /0cm, this set of tests is the
most likely to rapidly reach critical conditions and the
experimental evidences conﬁrm this tendency (see
Fig. 6a). The value of the constant volume friction angle
determined for this set of tests (37) was assumed equal
for all themixtures. Then, from the peak strength envelopes
and assumingno cohesion intercept, the value of/0pðc0¼0Þ was
calculated, while, using Eq. (9), the values of the angle of
dilatancy (w) were deduced. These values of the angle of
dilatancy at peak shear stress are lower than those inferred
directly from the tests results, that is from the ratio between
the volumetric and axial strain, using Eq. (7) (see the
comparison in Table 6). Moreover, from those values it is
evident that the maximum value of the angle of dilatancy
Fig. 7. Decomposition of the strength parameters in granular peak strength (frictional critical component and dilative component) and effective cohesive
intercept due to cementation (extended based on Bolton, 1986).
Table 6
Values of the angles of dilatancy calculated with Bolton (1986) relation and
from the direct interpretation of data results.
Set of tests /0p(c0=0) () /0cv () wBolton() wdirect ()
2%_12 63.9 37 33.6 46.7
3%_12 68.6 37 39.5 54.3
4%_12 68.7 37 39.6 48.3
5%_12 72.9 37 44.9 52.6
2%_55 68.0 37 38.8 56.1
3%_55 71.7 37 43.4 56.2
40 A. Viana da Fonseca et al. / Transportation Geotechnics 1 (2014) 31–44does not correspond to the peak deviator stress as it clearly
develops always after the peak while the soil is softening, a
pattern common to all naturally and artiﬁcially cemented
materials (Viana da Fonseca, 2003). This means that the
value of w calculated with Bolton (1986) relation only
accounts for the frictional part of shear strength, while theFig. 8. Relationship between effective cohesionangle of dilatancy directly calculated at peak is still affected
by a component of bonding given by the cement, which
might be related with clusters of soil and cement and not
with the individual grains.
Relying on the concept of the porosity/cement ratio
(n=Cxim) presented above, which expresses the dual compo-
nent of density and cementation degree, the variation of
the cohesive and dilatancy components of the shear
strength was studied. Figs. 8 and 9 present the obtained
results.
From the plotted values and the power regressions
shown in the ﬁgures, a good correlation is obtained for
the values of the angle of dilatancy (w) with n=Cxim, with a
coefﬁcient of determination equal to 0.90. For the effective
cohesion intercept the relationship is not as good as for
dilatancy, with the coefﬁcient R2 equal to 0.81, but it is still
considered very promising taking into account the signiﬁ-
cant variability of these coarse granular materials. Theand porosity/cement ratio (triaxial tests).
Fig. 9. Relationship between angle of dilatancy and porosity/cement ratio (triaxial tests).
Table 7
Results of the indirect tensile tests.
Specimen Q (kN) qt (kPa) Eit (MPa) qt/Eit (%) m
DC_1%_12 3.01 88 438 20 0.42
DC_1%_25 5.94 175 1047 17 0.40
DC_1%_55 8.10 236 – – –
DC_2%_12 6.81 199 534 37 0.32
DC_2%_25 9.86 286 – – –
DC_2%_55 13.98 409 4831 8 0.13
DC_3%_12 10.43 306 2043 15 0.16
DC_3%_25 12.96 382 7393 5 0.35
DC_3%_55 26.43 785 15240 5 0.25
DC_4%_12 14.43 421 3852 11 0.36
DC_4%_55 28.82 834 8509 10 0.18
DC_5%_12 21.28 619 – – –
DC_5%_25 35.60 1031 10118 10 0.20
DC_5%_55 – – – – –
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average of the ratios of the three specimens. This ratio
appears to be a good indexing parameter, since it can
reproduce the behaviour of specimens with different com-
paction and cement content under a single variable. Figs. 8
and 9 show that specimens with different cement content
and/or compaction degree but similar ratio have similar
values of cohesion and dilatancy angle.Fig. 10. Relationship between indirect tensile strengthIndirect tensile tests
After the dynamic characterisation of the aggregate–
cement, the specimens were tested in diametral compres-
sion (Brazilian tests) for indirect evaluation of the tensile
strength and stiffness. The European Standards EN13286-
42 (CEN, 2003a) and EN13286-43 (CEN, 2003b) were fol-
lowed for these splitting tensile tests. Table 7 summarizes
the results of the tests. The computed properties were the
indirect tensile strength (qt), the tensile modulus (Eit) and
the Poisson’s ratio (m).
In accordance to the terms of the procedure described
in the referred European standards, the calculation of these
values followed the Eqs. (10)–(12).
The specimens that did not present reasonable values
for the Poisson ratio were not included in Table 7. More-
over, it was not possible to obtain results from the speci-
men DC_5%_55 due to an acquisition problem during the
test. The relationship between Eit and qt showed smaller
scatter in the specimens compacted with higher density.
Thus, this can be an indication that, for these specimens,
compaction degree has a more important role in the
strength gain than in stiffness increase.
Table 7 shows, once more, a signiﬁcant stiffness
improvement with the cement content and number of
blows. The average m value of 0.28 is higher than the valueand porosity/cement ratio (indirect tensile tests).
Fig. 11. Relationship between dynamic elastic modulus and indirect tensile modulus.
Fig. 12. Relationship between dynamic shear modulus and indirect tensile strength.
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the different strain level involved in both tests. Despite
those values, m presented more scatter than m0, meaning
that the seismic waves’ measurements are more reliable
for the purpose of Poisson ratio estimation. Conversely to
the monotonic triaxial treatment, the indirect tensile tests
were conducted with no conﬁnement pressure (CP). There-
fore, the n=Cxim normalization may be applied without any
inﬂuence of conﬁning pressure. Fig. 10 shows the results
of such indexation.
The best regression to this indexation demonstrated
that the optimal exponent (x = 0.59 for qt and x = 0.36 for
Eit) for the adjustment of the volumetric cement content
in the porosity/cement ratio depends not only on the type
of soil but also on the measured property, which is in dis-
agreement with previous analyses in ﬁner materials re-
ported in Consoli et al. (2007), Viana da Fonseca et al.
(2009a) and Rios et al. (2009), demanding for new and
more extensive studies in coarse material, in future re-
searches. Nevertheless, this variation with n=Cxim proved
to give a good framework for the evaluation of these prop-
erties from the state conditions of each specimen. Fig. 10
showed a good correlation with the indirect tensile
strength and tensile modulus in agreement with Fig. 5
results.Discussion
The results presented in the precedent sections proved
that the mechanical properties of an aggregate–cement
are correlated between them. In this section, relations be-
tween results of different tests will be compared. Triaxial
compression tests and indirect tensile tests with very pre-
cise deformation monitoring were not easy to perform. On
the contrary, seismic wave tests are an easiest and eco-
nomic technique to evaluate low strain stiffness properties.
The deﬁnition of the correlations that can give a direct cor-
respondence between dynamic stiffness parameters at
very low strains and the properties deduced in triaxial
tests or in indirect tensile tests such as low to medium
strain stiffness parameters and strength parameters would
be an obvious advantage. In this sense, Fig. 11 shows the
comparison between the dynamic (elastic) Young’s modu-
lus (E0) derived from seismic waves’ measurements and
that derived from indirect tensile test (Eit).
It is evident a good correlation between the two moduli
(with a R2 parameter greater than 0.8), especially for low
values of indirect tensile modulus. For increasing values,
data is more dispersed because of the increased difﬁculty
in obtaining a reliable measurement of Eit in very rigid
specimens; thus, the founded relationship with a more
Fig. 13. Relationship between indirect tensile strength and dynamic shear modulus with the effective cohesive intercept.
A. Viana da Fonseca et al. / Transportation Geotechnics 1 (2014) 31–44 43stable property as E0 gives the possibility to characterize
the aggregate with more reliability and less effort.
The relation between the dynamic shear modulus and
the indirect tensile strength is shown in Fig. 12. In this
case, the correlation has a much higher R2, due to the easier
assessment of the indirect tensile strength during the tests.
The very good correlation with the shear modulus obtained
from dynamic tests conﬁrms that, for this aggregate, it is
possible to link results from different tests and shows that
the strength and stiffness parameters are strongly related.
Fundamentally, the authors believe that the indirect ten-
sile strength and dynamic shear modulus are strongly
associated to interparticular bonded structure, a direct
function of the cement content, mobilized in low to very
low strain levels (Consoli et al., 2011).
Fig. 13 shows a tentative proposal for a simple but use-
ful approach to derive values of the indirect tensile
strength (qt) and the effective cohesive intercept (c0) from
the values of the dynamic shear modulus (G0) in a double
graph relationship. The obvious advantage of this chart is
the fact that G0, calculated from shear wave’s velocities,
is cheap, fast and non-destructive, which will ease the esti-
mation of such important design properties, as qt and c0, in
subgrades for transportation infrastructures.
The lines in Fig. 13 indicate that all the properties (G0, c0,
and qt) increase consistently with cement content and
compaction degree. Although R2 does not show as good
values as in the single property analysis, mostly because
of the limited number of tests, a coefﬁcient of determina-
tion close to 0.8 is sufﬁciently signiﬁcant to give conﬁdence
to this correlation between those properties. However, the
application of these laws should be done if higher safety
factors were adopted, while more extensive data can be
accumulated.
Conclusions
From the data presented in this paper the following
main conclusions can be drawn:
 All geomechanical properties, both stiffness (dynamic –
for very small strain levels – and static – small to
medium strain levels) and strength (in compression
and in tension), showed a positive evolution with the
increasing cement content, as well as with the compac-
tion degree, although in different degrees. The ultimate strength measured for aggregate–cement,
isotropically consolidated with conﬁnement pressures
up to 100 kPa, revealed a signiﬁcant heterogeneity due
to some diversity of the specimens, but also for the
different consequences of these pressures in inducing
damages to the structure prior to shear testing. A
thorough analysis of the values allowed the deﬁnition
of the most representative frictional and cohesive
components.
 The angle of friction at critical state is not cement
dependent although the angle of shearing resistance,
which incorporates the frictional component and the
dilatancy, is strongly inﬂuenced by the initial void ratio
imposed in the specimen’s compaction. Bearing this in
mind, a distinction between the purely friction parcel
(the critical angle of friction) and the dilative compo-
nent (angle of dilatancy) was made to look for a compe-
tent theoretical base for the indexation of each of these
factors.
 Effective cohesion intercept, indirect tensile strength
and dynamic shear modulus are properties which corre-
late strongly and may be easily deducted from each
other.
 The porosity/cement ratio, n=Cxim (Consoli et al., 2007;
Viana da Fonseca et al., 2009a; Rios et al., 2009, 2012)
proved to be a good index for deriving geomechanical
parameters for design purposes, as far as the exponent
that affects the cement content is adapted to each of
those properties. The results presented in this paper
indicate that this index, not only varies with the type
of soil, but also seems to vary with the measured prop-
erties, specially, in two main groups: those obtained in
waves’ dynamic tests (E0 and G0) and in well controlled
triaxial tests (c, /0, and, w), by one side, and others,
obtained in indirect tensile tests (qt and Eit), which can
have some speciﬁc features, still not controlled.
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